We demonstrate that interfacial disorder in magnetic tunnel junctions (MTJs) has a dramatic effect on the bias behavior of both spin-transfer and field-like spin torques, leading to strong enhancement, sign reversal, and bias asymmetry. The underlying mechanism lies on the impurity-induced resonance energies which can be selectively controlled with alloying and/or bias. The predictions explain for the first time the experimental results in "dirty" junctions and have important implications on exploiting further the alloying effect to optimize the current induced magnetization switching.
LG13527BR R Magnetic tunnel junctions (MTJs), consisting of two ferromagnetic (FM) metal layers separated by a thin insulating barrier (IB) layer, have attracted wide and sustained interest due to their potential applications in nonvolatile magnetic-random access memories (MRAM) and as magnetic-field sensors in magnetic hard disk drives [1] [2] [3] . Because of the limitations (scaling issue, cross talk, heat diffusion, and poor reliability) associated with the external magnetic field in the writing process of MRAM, the recently discovered current-induced magnetization reversal (CIMR) [4] [5] [6] via the so-called spin torque effect, originally predicted by Slonczewski 7 and Berger 8 , is considered as a promising plausible solution. In ideal symmetric MTJs we have predicted 9, 10 an anomalous bias behavior of the spin-transfer torque, T , which can exhibit a sign reversal without a corresponding sign reversal of the bias or even a quadratic bias dependence. On the other hand, experiments indicate [11] [12] [13] that T reverses sign on changing the current direction. Furthermore, in asymmetric MTJs we have recently demonstrated 14, 15 that the bias behavior of the field-like spin torque, T ⊥ , can be selectively controlled via the asymmetry in band filling between the FM leads, thus leading to a linear and/or quadratic low-bias behavior in agreement with experiment. 16 Real Fe/MgO/Fe MTJs almost invariably are "dirty" containing interfacial vacancies or structural defects that, even if only present in a limited density, can dominate both the tunnel magnetoresistance (TMR) [17] [18] [19] [20] [21] [22] [23] and the zero-bias interlayer exchange coupling (IEC) 24 . Recently, Ikeda et al have reported 25 that the room-temperature TMR in CoFeB/MgO/CoFeB MTJs annealed at 525
• C increases to 604%, which approaches the theoretical value 26, 27 . This high TMR value has been attributed to the high crystalline quality of the FM leads via the annealing process. X-ray photoelectron spectroscopy 20 and three-dimensional atom probe studies 21 have directly observed the diffusion of B from the electrodes into the MgO layer upon annealing, giving rise to the formation of B oxide, the reduction of the Fe(Co) oxide and a concomitant enhancement in TMR. In contrast, electronic structure calculations 28 have shown that the presence of B at the interface is detrimental to the TMR due to significant suppression of the majority-channel conductance through the ∆ 1 state symmetry.
On the theoretical side, using the free-electron model Manchon et al. 29 studied the effect of a layer of impurities in the barrier on the bias dependence of T and TMR and the effect of the impurity energy level on the zero bias of T ⊥ . Birol et al. 30 calculated the contribution to the spin-transfer torque in a MTJ from sequential tunneling through interacting impurities and determined the angular dependence of spin torques as a function of the spin polarization of the ferromagnetic leads. Recently, employing the tight-binding (TB) model and the Keldysh formalism we have developed 31 a computational approach which allows the study of the effect of disorder in the barrier on the average spin transfer torque. We have also demonstrated that the general expression of the bias behavior of T in terms of the interplay of the average spin current densities in collinear configurations [Eq. (1) in Ref. 31 ], remains valid even in the presence of non-magnetic impurities. This in turn leads to a sinusoidal angular behavior of T .
In contrast to the monotonic variation of the density of states (DOS) in the free-electron model employed in Ref.
29 , the TB model employed in this work yields nonmonotonic DOS. Therefore, the free-electron model is only correct in the low-bias and or low band filling regime 9, 29 . In addition, the bias voltage must be smaller than the half bandwidth of the conduction electrons. Consequently, neither the band filling-induced sign reversal of the interlayer exchange coupling nor the oscillatory bias dependence of T ⊥ revealed in our TB calculations in Refs.
14,15 can be obtained within the free-electron model. Furthermore, the pure quadratic bias behavior of T we predicted 9 is possible within the TB model due to the bell-like form of the density of states [ Fig. 1 of Ref.
10 ] at the interfaces.
In this study, we apply the computational method which we have recently developed 31 , and provide a comprehensive study of the effect of disorder on the bias behavior of both components of the spin transfer torque for symmetric and asymmetric disorder configurations. We demonstrate that non-magnetic interfacial point defects have a dramatic effect on the average T ⊥ (V ) and T (V ) , including a strong enhancement, sign reversal, and bias asymmetry. The underlying mechanism lies on the impurity-induced resonance states, which can be selectively controlled with bias and/or gate voltage and impurity position.
II. METHODOLOGY
The calculations are based on the TB method and the non-equilibrium Keldysh formalism. We consider single and double impurity layers (indexed by their lth position) inside the IB with impurity concentration c ∼ 2.7%. The non-magnetic impurity scattering potential is of a δ-function form, i.e.Ŵ = ε imp δ(i − l) − ε b Î , where ε b and ε imp are the IB and impurity on-site energies, respectively, i refers to an arbitrary layer inside the IB, andÎ is a 2×2 unit matrix. We employ the same set of TB parameters of our previous theoretical predictions 9,15 in ideal symmetric and asymmetric MTJs, which provides a realistic description of systems based on magnetic transition metals and their alloys.
The 2×2 Keldysh Green's function spin matrix,
, in the presence of disorder can be expanded 31 in terms of theT-matrices of the perturbing impurity scattering potential,Ŵ . Here, i and j denote the coordinates along the transport direction (y-axis in Fig. 1) , and − → ρ , and − → ρ ′ are two-dimensional vectors within the x-z plane. The 2×2 impurity retarded and advanced scatteringT-matrices are of the form,
respectively. Here,Ĝ andĜ are the 2×2 retarded and advanced Green's function matrices in the clean MTJs, and − → ρ 0 and l denote the impurity's coordinates parallel and perpendicular to the interface, respectively. The impurity-induced resonant energies correspond to the zeroes of the determinant of the denominators in Eq. (1), which can be written as,
because G ↑↓(↓↑) ( − → ρ 0 , l; − → ρ 0 , l) is very small due to the fact that the impurity site l is inside the barrier. Here, w = (ε imp − ε b ). The product of the bracket terms in the above equation is quadratic in energy leading to the two poles E 1 and E 2 . Note however, if the impurity site l is away from the FM/IB interfaces, then
ll for non-magnetic IB. Since we consider a layer of impurities with concentration c, the transport along the y-axis can be determined from the average perturbed Keldysh Green's function, Ĝ < , which can be determined by integrating over − → ρ (namely integrating over the in-plane unit area ) and multiplying by the concentration c of impurities 31, 32 . More specifically, the average net T and T ⊥ on the right FM lead can be determined from disorder is the coherent potential approximation (CPA) approach for the alloy, rather the simpler approach we employed of a system of noninteracting impurities.
III. RESULTS AND DISCUSSION
In Figs. 1(a) and (b) we show schematically the two cases of disorder, where a single layer of non-magnetic impurities with on-site ε imp =0 is at (a) the first IB layer (l = a) at the left FM/IB interface under -0.25V bias and (b) the last IB layer (l = b) at the right IB/FM interface under +0.25V bias, respectively. The magnetization of the right, M R , and left, M L , semi-infinite FM leads sandwiching the IB, are along the z and x directions, respectively, with the y direction normal to the FM/B interface. Under a rotation operation of M L along the direction of M R the majority-(minority-) energy bands of the left lead acquire an additional minority-(majority-) energy band contribution, shown with the blue (red) arrows in the left lead in Figs. 1(a) and (b) . The magenta and cyan solid circles denote the impurity-induced resonance energies, E 1 and E 2 , of theT-matrices in Eq. (1), respectively. The bias dependence of E 1 and E 2 for the two cases of disorder are plotted in Figs. 1(c) and (d) , respectively, where µ L is fixed at the Fermi energy, E F =0 eV, µ R = eV varies linearly with bias, and the green shaded area denotes the energy window between µ L and µ R . For l = a both E 1 and E 2 are independent of V , because the impurity layer is at the left interface where µ L = E F . In sharp contrast, both E 1 and E 2 vary linearly with V when the impurity layer is at the right interface, following the bias dependence of µ R .
In Fig. 2(a) we compare the bias behavior of T ⊥ (θ = π/2) for the clean MTJ with the average T ⊥ (θ = π/2) for disordered (ε imp = 0) MTJs with a single impurity layer at the left (l = a) or right (l = b) interface and two impurity layers (l = a, b) at both interfaces. A single impurity layer at the left (right) interface changes the purely quadratic bias behavior of the clean MTJ to an asymmetric one, exhibiting a dip at ∼ V r =-0.25V (V f =+0.25V) and a sign reversal in the negative (positive) bias regime. This is due to the fact that the impurity-induced resonance energies, E 1 and E 2 , enter the bias window when We have demonstrated that the asymmetry in the bias behavior of T ⊥ (V ) can be controlled by changing the band filling or the energy barrier between two FM leads 14 . Thus, the asymmetric bias behavior of T ⊥ in Fig. 2(a) arises from the impurity-induced resonance energies which in turn modify the barrier heights for the two FM leads. Furthermore,
to the fact that the impurity-modified barrier heights for the left (right) FM lead for l = a (l = b) is equal to that for the right (left) FM lead for l = b (l = a). In sharp contrast, the two impurity layers at both the left and right FM/IB interfaces render the MTJ and the bias behavior of T ⊥ (l = a, b) = l T ⊥ (l) symmetric. In addition, T ⊥ exhibits a sinusoidal angular behavior for all asymmetric and symmetric disordered MTJs, similar to that of the clean junctions.
In Fig. 2(b) we display the bias behavior of T ⊥ (θ = π/2) for the case of a symmetric (l = a, b) disordered MTJ for various values of ε imp . The dashed (solid) arrows, V f (V r ), denote the critical forward (reverse) bias at which E 1 and E 2 of the single impurity interface layer enter the bias window where the spin torque reaches its minimum. The linear variations of E 1 and E 2 with ε imp , i.e. E 1 = −0.3eV + 0.9ε imp and E 2 = −0.2eV + 1.1ε imp , give rise to a shift of both critical biases which in turn have a dramatic effect on the bias behavior of T ⊥ . The most striking feature in Fig. 2(b) is the low-bias (shaded green region) behavior of T ⊥ which can change from purely quadratic with positive or negative curvature to an almost bias-independent behavior. More importantly, the symmetric interfacial disorder not only gives rise to an enhancement of T ⊥ compared to that in clean MTJs, but it can also lead to the sign reversal of T ⊥ with ε imp . These intriguing alloying effects offer an important external electronic handle through which the bias behavior of the average IEC can be exploited in future CIMR applications. In Fig. 3(a) we show the bias dependence of the spintransfer component, T (θ = π/2), for the clean MTJ and compare it with the average T (θ = π/2) for the disordered (ε imp = 0) MTJs with a single impurity layer at the left (l = a) or right (l = b) FM/IB interface and with two symmetric interfacial impurity layers (l = a, b), respectively. As in the case of T ⊥ , for the single impurity layer at the left (right) interface there is a significant change of T in the negative (positive) bias range, where the spintransfer component exhibits a non-monotonic behavior reaching its minimum at -0.35V (+0.35V) and a twoorder enhancement compared to its value for the clean MTJ. On the other hand, the bias behavior in the positive (negative) window remains similar to that for the clean junction. This is due to the impurity-induced resonance energies entering the bias window, thus enhancing the transmission of the left (right) flowing electrons shown in Fig. 1(a) and (b) . In Fig. 3(b) we present the bias dependence of T (θ = π/2) for the symmetric (l = a, b) disordered MTJ for various values of ε imp . As in the case of T ⊥ , the shift of the resonance energies via alloying leads to a dramatic variation of the low-bias behavior of T from linear to quadratic.
Moreover, we have demonstrated that the general expression of the bias behavior of T [Eq. (1) in 31 ] remains valid even in the presence of disorder, but where all quantities are replaced with their average values. Thus, T is directly related to the spin current densities in collinear configurations, which can in turn lead to the enhancement of T . On the other hand, T ⊥ is related to the interplay between the four non-equilibrium interlayer exchange couplings in collinear configurations
14 . Our calculations demonstrate that for our parameter set, when 0 ≤ ε imp − E F ≤ 0.6 eV, and the impurityinduced resonance energies lie outside the bias window, both T and T ⊥ for symmetric (l = a, b) disordered junctions exhibit a low-bias (|V | ≤ 0.2V) behavior similar to that of the clean MTJs, and agree qualitatively with the experimental measurements in the low-bias region [11] [12] [13] . The formation of a B oxide and the reduction of the Fe (Co) oxide at the interface reported in recent xray photoelectron spectroscopy 20 and three-dimensional atom probe studies 21 , is similar to our case of symmetric (l = a, b) disordered MTJs. However the crystal structure of the Mg-B-O region remains unknown and where the boron resides after sputtering and subsequent annealing has remained a mystery. Recent ab initio calculations of the ordered magnesium borate (Mg 2 B 2 O 5 ) in its monoclinic and triclinic structure indicate that the sharp peaks at the bottom of the conduction band are due to B/p states 33 . However, the position of the B-impurity energies in the actual FeCoB/MgO/FeCoB MTJs remains unresolved. Thus, the current studies of the effect of disorder on the bias behavior of both components of spin torque where the on-site energy of the impurity is treated as a parameter may serve as simple guiding rules for future experimental studies.
IV. CONCLUSION
In conclusion, we presented for the first time calculations of the crucial effect of asymmetric and symmetric interfacial disorder on the bias behavior of the spintransfer and field-like components of the spin torque. We have demonstrated that this can lead to strong enhance-ment, sign reversal, and bias asymmetry, and have elucidated that the underlying electronic mechanism is the impurity-induced resonance energies. These findings may motivate further experimental studies of the crucial alloying effect so as to tune the bias behavior of both spin torque components and hence optimize the CIMS.
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